Resonant Tunneling in Truly Axial Symmetry Mni2 Single-Molecule Magnets: Sharp 
Crossover between Thermally Assisted and Pure Quantum Tunneling 
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Magnetization measurements of a truly axial symmetry Mni2-tBuAc molecular nanomagnet with 
a spin ground state of 5* = 10 show resonance tunneling. This compound has the same magnetic 
anisotropy as Mni2-Ac but the molecules are better isolated and the crystals have less disorder and a 
higher symmetry. Hysteresis loop measurements at several temperatures reveal a well-resolved step 
fine- structure which is due to level crossings of excited states. All step positions can be modeled by 
a simple spin Hamiltonian. The crossover between thermally assisted and pure quantum tunneling 
can be investigated with unprecedented detail. 

PACS numbers: 75.50.Xx, 75.60.Jk, 75.75.+a, 75.45.+j 



[Mni20i2(02CCH3)i6(H20)4] • 2CH3CO2H • 4H2O, 
Mni2-Ac for short, was the first single- molecule magnet 
(SMM), exhibiting slow magnetization relaxation of 
its S = 10 spin ground state which is split by axial 
zero-field splitting 1]. It was also the first system 
to show thermally assisted tunneling of magnetiza- 
tion During the last several years, many 
more SMMs have been discovered and they are now 
among the most promising candidates for observing 
the limits between classical and quantum physics 
since they have a well defined structure, spin ground 
state and magnetic anisotropy 0, IE S Q 
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While a rough understanding of the quantum phenomena 
in Mni2-Ac was clear from the early studies, a detailed 
understanding has not yet emerged. For example, cur- 
rent theoretical models assume the presence of quadratic 
and quartic transverse crystal-field interactions in the 
spin Hamiltonian, where the former has been ascribed 
to solvent disorder 21]. However, these interactions, 
which contain only even powers of the raising and 
lowering operators, do not provide an explanation for 
the observation of odd tunneling steps in the hysteresis 
loops. It has been proposed that easy-axis tilting 
might give the missing odd transverse interactions jl8i |. 
Although such solvent disorder induced tilts exist, the 
tilt values are still unclear jij. Hyperfine, dipolar, and 
Dzyaloshinsky-Moriya interactions were also proposed 
to be responsible for odd transverse terms 10, 13]. 

Other theoretical and experimental studies concern the 
crossover between thermally assisted and pure quantum 
tunneling [H E E Q ES IH Q . The crossover can 
occur in a narrow temperature interval with the field at 
which the system crosses the anisotropy barrier shifting 
abruptly with temperature, or the crossover can occur in 
a broad interval of temperature with this field changing 
smoothly ^a,[23,l2J. The first studies were published on 
Mni2-Ac [ll|,|l3,ll3 but significant distributions of mol- 



cular environments are unfortunately present , an d these 
complicate the interpretation of the data [ij, |2l[ . 

We present here resonant quantum tunneling mea- 
surements of a recently discovered analog of Mni2-Ac, 
namely [Mni20i2(02CCH2Bu^)i6(CH30H)4] • CH3OH, 
called Mni2-tBuAc henceforth. We show that this com- 
pound has the same magnetic anisotropy as Mni2Ac but 
the molecules are better isolated and the crystals con- 
tain less disorder and a higher symmetry. Hysteresis loop 
measurements at several temperatures reveal a fine struc- 
ture of steps which is due to the dominating energy level 
crossings. All step positions can be modeled by a sim- 
ple spin Hamiltonian. The crossover between thermally 
assisted and pure quantum tunneling is investigated. 

[Mni20i2(02CCH2Bu^)i6(H20)4] was prepared by 
the carboxylate substitution procedure described else- 
where [25l . and crystallizes in triclinic space group 
PI 26]. However, recrystallization from mixed 
CH30H/Et20 solvent gave Mni2-tBuAc in tetragonal 
space group /4. Full details of the synthesis, crystal 
structure and magnetic characterization are presented 
elsewhere 27]; the ground state spin 6* = 10 was es- 
tablished by magnetization measurements in the 1-7 
T and 1.8 - 4.0 K ranges. The molecular structure 
of Mni2-tBuAc is very similar to that of Mni2-Ac ex- 
cept that the acetate (Ac) and H2O groups have been 
replaced by Bu^CH2C02 (ffluAc) and CH3OH groups, 
respectively. The increased bulk of the Bu^CH2C02 
groups leads to a unit cell volume for Mni2-tBuAc (7.06 
nm^) that is almost double that of Mni2-Ac (3.72 nm^), 
and thus to greater intermolecular separations and de- 
creased intermolecular interactions relative to Mni2-Ac. 
In addition, the interstitial CH3OH solvent molecules 
in Mni2-tBuAc are not disordered and neither are they 
hydrogen-bonding with the Mni2 molecules. As a re- 
sult, the site symmetry of the latter in Mni2-tBuAc is 
truly axial with a small distribution of environments. 
This is in stark contrast to Mni2-Ac where each of the 
acetic acid (CH3CO2H) molecules in the crystal forms 
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FIG. 1: (color online) Hysteresis loops of single crystals of 
(a-b) Mni2-tBuAc and (c) Mni2-Ac molecular clusters at dif- 
ferent temperatures and a constant field sweep rate indicated 
in the figure. The data in (c) were taken from The loops 
display a series of steps, separated by plateaus. As the tem- 
perature is lowered, there is a decrease in the transition rate 
due to reduced thermal assisted tunneling. The hysteresis 
loops become temperature independent below 0.6 K, demon- 
strating quantum tunneling at the lowest energy levels. 



a strong OH- • -H hydrogen-bond with a Mni2 molecule 
but will do so with only one of the two Mni2 molecules 
next to it. Since each Mni2 molecule is surrounded by 
four CH3CO2H molecules, this disorder in the acetic 
acid orientation leads to the Mni2 molecules in Mni2- 
Ac being hydrogen-bonded with k CH3CO2H molecules 
{k = — 4), with the k = 2 situation also having two 
possibilities (the two CH3CO2H attached cis (adjacent) 
or trans (opposite) about the Mni2 molecule). Thus, al- 
though the Mni2-Ac crystal possesses a crystallographic 
average symmetry of /4, it contains a mixture of Mni2 
molecules in six different hydrogen-bonded forms (21j . 
and only two of these forms possess axial 5*4 site sym- 
metry, the k = and 4 forms. The other forms have 
lower (rhombic) symmetry. As a result, Mni2-Ac crys- 
tals contain Mni2 molecules with a wide distribution of 



FIG. 2: (color online) Hysteresis loops of single crystals of 
Mni2-tBuAc at several field sweep rates and at 2, 0.85 and 

0. 1 K. The field sweep rates from top to bottom are 0.2, 0.5, 

1, 2, 4, 8, 17, 35, and 70 mT/s. 



environments. Consequently, crystals of Mni2-tBuAc are 
concluded to be far superior to those of Mni2-Ac for de- 
tailed studies such as those in this paper, and this has 
indeed turned out to be the case. Finally, the axes of the 
tetragonal site symmetry of each molecule coincide with 
those of the unit cell, which is not the case for Mni2-Ac 
The magnetization measurements were performed by 
using a magnetometer consisting of several 6x6 fim^ 
Hall-bars [2^ on top of which a single crystal of Mni2- 
tBuAc was placed. The field can be applied in any di- 
rection by separately driving three orthogonal supercon- 
ducting coils. The field was aligned with the easy axis 
of magnetization using the transverse field method [2^. 
The applied field Hz was corrected because the deter- 
mination of the resonance fields must take into account 
the internal magnetic field [29j. The sample dimensions 
were about 20 x 15 x 10 /im. The Hall bars were pat- 
terned by Thales Research and Technology in Orsay, us- 
ing photolithography and dry etching, in a delta-doped 
AlGaAs/InGaAs/GaAs pseudomorphic heterostructure 
grown by Picogiga International. 

Fig. shows the temperature dependence of the hys- 
teresis loops of Mni2-tBuAc and Mni2-Ac SMMs. The 
loops display a series of steps, separated by plateaus. As 
the temperature is lowered, the hysteresis increases be- 
cause there is a decrease in the transition rate of thermal 
assisted tunneling 0, The hysteresis loops become 
temperature independent below 0.6 K, demonstrating 
quantum tunneling at the lowest energy levels |llLll2l . ll3| . 
It is important to note that the loops remain strongly 
sweep rate dependent below 0.6K (Fig. [2|). Apart from 
the major steps, these hystersis loops reveal fine structure 
in the thermally activated regime which is also strongly 
sweep rate dependent (Fig. I2|). This fine structure was 
first observed for Mni2-Ac ilLiiilii, see Fig. [It, but it 
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FIG. 3: (color online) Field derivative of the hysteresis loops 
of single crystals of Mni2-tBuAc at different temperatures. 
The applied field was swept from -6 T to 6 T at a constant 
field sweep rate of 2 mT/s. Resonant quantum tunneling of 
magnetization occurs at the peaks of dM/dH. The corre- 
sponding level crossings are labeled with two indexes {n : p). 
The peaks coming from the faster relaxating impurity phase 
are not labeled. 



is much clearer for Mni2-tBuAc (Figs.^,^, and[2j. A 

convenient way of determining the field positions of the 
steps is to plot the derivative of the magnetization with 
respect to the applied field (Fig. O)). The step positions, 
that is the maxima of the relaxation rate, are given by 
the peaks on the dM/dH plot. 

The simplest model describing the low-temperature 
spin dynamics of Mni2-tBuAc has the following spin 
Hamiltonian 

n = -DSl - BSt - g.m^oS.H, + Htrans (1) 

where Sx^ Sy^ and Sz are the three components of the 




R)Hz (T) 

FIG. 4: (color online) Zeeman diagram of the 21 levels of the 
S — 10 manifold of Mni2 as a function of the field Hz applied 
along the easy axis. At Hz = 0, from bottom to top, the 
levels are labeled with quantum numbers m = ±10, ±9, 0. 
The resonant quantum tunneling steps which lead to a step 
height larger than 0.02 Ms at 2 mT/s occur at the indicated 
level crossings which are labeled with two indexes {n : p). 



spin operator, D and B are the anisotropy constants, 
the third term is the Zeeman energy associated with an 
applied field i^^, and the last term (TYtrans) describes 
small transverse terms containing Sx and Sy spin oper- 
ators. Although TYtrans produccs tunneling, it can be 
neglected when determining the field positions of the 
level crossing because it is much smaller than the ax- 
ial terms. Without TYtrans, the Hamiltonian is diagonal 
and the field dependence of the energy levels can be cal- 
culated analytically (Fig.^J- The energy level spectrum 
with {2S + 1) = 21 values can be labeled by the quan- 
tum numbers m = — 10, —9, ...,10. At = 0, the levels 
m = ±10 have the lowest energy. When a field H^ is 
applied, the energy levels with m < increase, while 
those with m > decrease (Fig. 0J. Therefore, energy 
levels of positive and negative quantum numbers cross at 
certain fields. The field position of the crossing of level 
m = —S ± p with m' = S — n — p is given by 

n[D^B{{-S^p)^^{S-n-pr)] 

where n = — (m ± m') is the step index and p = S -\- m 
labels the excited states {p = for the ground state, 
p = 1 for the first excited state, etc.). 

The step positions Hi^^.p^ , determined from Fig. [2l are 
shown in Fig. \^ 30]. The horizontal lines indicate the 
calculated energy level crossing fields using Eq. [2l with 
D 0.563 K, 5 = 1.2 mK^d = 2 where the lat- 
ter was measured by EPR These values are very 
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FIG. 5: (color online) Temperature dependence of the peak 
positions of dM/dH in fig. El at 2 mT/s. The horizontal lines 
indicate the calculated energy level crossing fields. The largest 
step for each n are filled dots whereas the others are open 
dots or crosses for step heights larger or smaller than 0.03 
Ms, respectively. 



is for all temperatures smaller than either (8:0) or (8:2). 
Similar results are found for n = 7 and 6. For n < 5, the 
crossover goes directly from non-measurable steps to fi- 
nite ones with p > 3. Note that this sharp transition has 
not been observed in Mni2-Ac 0, 0, • ^las been 
predicted that a sharp crossover can be smoothed out by 
applying a transverse field T^. This can indeed be ob- 
served in Mni2-tBuAc. Fig. IHl shows that about 0.14 T 
sufficiently increases the tunnel rate to smooth out the 
transition. Similar results were found for n < 8. 

In conclusion, resonance tunneling measurements on 
a new high symmetry Mni2-tBuAc molecular nanomag- 
net show levels of detail not possible with Mni2-Ac, as 
a result of the much less disorder and higher symme- 
try in the crystals of the former. This has permitted 
an unprecedented level of analysis of the data to be ac- 
complished, resulting in information not attainable with 
Mni2-Ac. The crossover between thermally assisted and 
pure quantum tunneling can be easily explored and is 
found to be abrupt or gradual depending on the magni- 
tude and orientation of the applied field. Simulation of 
the data allows D and B to be directly obtained from 
the step fine structure for the first time. 
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FIG. 6: (color online) Details of hysteresis loops at step n = 8 
measured in the presence of four transverse fields Htr and at 
temperatures of 0.1, 0.8, 0.9, 0.95, 1.0, 1.05, 1.1, 1.15, and 1.2 
K from bottom to top. The field was ramped from -6 T to 6 
T at a rate of 17 mT/s. The dominating steps are indicated. 



close to those of Mni2-Ac establishing that the magnetic 
cores of both molecules are comparable. Because the 
resonance fields of all avoided level crossings are well re- 
solved, Mni2-tBuAc allows the study in unprecedented 
detail of the crossover between thermally assisted and 
pure quantum tunneling. The dominant field steps for 
each step index n are shown in Fig. by filled circles. 
Whereas the crossover is gradual forn = 9 and 10, a clear 
step is seen for n = 8. Indeed, the quantum step for (8:1) 
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